Endometrial cancer develops during exposure to estrogen unopposed by progesterone. Traditional formulations for menopausal hormone therapy include a progestin in women with a uterus. However, progestin exposure increases breast cancer risk in postmenopausal women. Alternatives to progestin include bazedoxifene (BZA), a selective estrogen receptor modulator, which prevents estrogen induced endometrial hyperplasia in clinical trials. Molecular mechanisms responsible for BZA's antiproliferative effect are not fully elucidated. We profiled endometrial adenocarcinoma, hyperplasia, and normal proliferative endometrium for differential expression in genes known to be regulated by estrogens or progesterone. Fibroblast growth factor (FGF)18, a paracrine growth factor promoting epithelial proliferation, was significantly increased in adenocarcinoma. Progesterone represses FGF18 by inducing heart and neural crest derivatives expressed transcript 2 (HAND2) in stromal cells. Notably, we confirmed lower HAND2 mRNA in adenocarcinoma, along with higher FGF tyrosine kinase receptor 2 and E74-like factor 5, collectively promoting FGF18 activity. We hypothesized BZA reduces epithelial proliferation by inhibiting FGF18 synthesis in stromal cells. To determine whether BZA regulates FGF18, we treated primary stromal cells with BZA or vehicle. In vitro, BZA reduced FGF18, but did not affect, HAND2. CD1 female mice received either BZA, conjugated estrogen (CE), or combined BZA/CE for 8 weeks. CE-treated mice had nearly 3-fold higher FGF18 expression. In contrast, BZA-treated mice, alone or with CE, had similar FGF18 as controls. Unexpectedly, BZA, alone or with CE, reduced HAND2 more than 80%, differing from progesterone regulation. Reduction of FGF18 is a potential mechanism by which BZA reduces endometrial proliferation and hyperplasia induced by estrogens. However, BZA works independently of HAND2, revealing a novel mechanism for progestin-free hormone therapy in postmenopausal women. (Endocrinology 157: 3699 -3708, 2016) T he incidence of endometrial cancer peaked in the 1980s in the United States, largely due to the use of unopposed estrogen therapy in postmenopausal women. The use of combined progestin and estrogens in hormone therapy prevented endometrial hyperplasia, but the progestin component was later associated with an increased risk of breast cancer (see references 7-9 below). Given the beneficial effect of estrogens on bone preservation and menopausal symptoms, the combination of conjugated estrogens (CEs) and a selective estrogen receptor modulator is a refined way of protecting against estrogen-induced endometrial hyperplasia using a progestin-free therapy. Alternative hormone strategies are especially important now due to the increasing prevalence of obesity and diabetes, which are independent risk factors for the development of breast and endometrial cancer.
T he incidence of endometrial cancer peaked in the 1980s in the United States, largely due to the use of unopposed estrogen therapy in postmenopausal women. The use of combined progestin and estrogens in hormone therapy prevented endometrial hyperplasia, but the progestin component was later associated with an increased risk of breast cancer (see references 7-9 below). Given the beneficial effect of estrogens on bone preservation and menopausal symptoms, the combination of conjugated estrogens (CEs) and a selective estrogen receptor modulator is a refined way of protecting against estrogen-induced endometrial hyperplasia using a progestin-free therapy. Alternative hormone strategies are especially important now due to the increasing prevalence of obesity and diabetes, which are independent risk factors for the development of breast and endometrial cancer.
Bazedoxifene (BZA) is a tissue-selective estrogen receptor modulator, with agonist activity on the bone and an-tagonist activity in the breast and endometrium (1) (2) (3) (4) . BZA in combination with CEs is approved for the treatment of vasomotor symptoms and prevention of osteoporosis in postmenopausal women (5, 6) . BZA has no effect on mammographic breast density in clinical trials (7) . In rodent models, BZA does not promote growth of mammary glands and inhibits breast cancer growth (8, 9) . Consistently, BZA alone or in combination with estrogen, inhibits endometrial proliferation in clinical and preclinical studies (10 -13) . However, the molecular mechanisms responsible for BZA's endometrial effect are not fully elucidated.
In normal endometrial physiology, estrogen stimulates glandular proliferation through several mechanisms. A paracrine mechanism of estrogen action in the uterus was first demonstrated through a cell-selective estrogen receptor ␣ knockout rodent model. Using various combinations of transplanted uteri tissue from ER␣ knockout and wildtype mice, Cooke et al (14) showed estrogen action through ER␣ in stromal cells stimulates epithelial cell proliferation. Similarly, progesterone works through a paracrine mechanism to inhibit epithelial cell proliferation. Progesterone induces the nuclear transcription factor, heart and neural crest derivatives expressed transcript 2 (HAND2) in endometrial stromal cells, leading to a decrease in stromal cell production of fibroblast growth factor (FGF)18 (15) . By decreasing FGF18 levels, progesterone removes the stimulus for epithelial proliferation (15) . FGFs are well characterized, inducing cell proliferation upon binding to FGF tyrosine kinase receptors (FGFRs) and initiating a phosphorylation cascade (16, 17) . Increased activity of FGF is implicated in several cancers (17, 18) . Endometrial adenocarcinoma develops in part due to a lack of inhibition of FGF18 synthesis, as a result of lower HAND2 expression due to hypermethylation of HAND2 (19) . Further, hypermethylation of HAND2 in endometrial hyperplasia lesions correlates with resistance to progestin therapy (19) , which is a mainstay medical therapy of endometrial hyperplasia.
To pursue the molecular mechanism by which BZA inhibits endometrial proliferation, we profiled gene expression of endometrial endometrioid adenocarcinoma, complex hyperplasia, and normal proliferative tissue to identify differences in estrogen and progesterone regulated genes. We identified differential expression of several genes in the FGF pathway and confirmed higher FGF18 and lower HAND2 in adenocarcinoma tissue vs normal tissue. We hypothesized that BZA reduces endometrial gland proliferation by inhibiting FGF18 synthesis from stromal cells. Because HAND2 prevents FGF18 expression, we examined BZA regulation of HAND2.
Materials and Methods

Endometrial adenocarcinoma, hyperplasia, and normal proliferative endometrium collection
Endometrial tissue was collected into RNAlater stabilization reagent (QIAGEN) at time of procedure, or for pathological samples, at the time of histological frozen section, within 10 minutes of hysterectomy. Diagnoses were confirmed after light microscopic examination of hematoxylin and eosin-stained slides by a gynecologic pathologist. The collected tissue specimen (n ϭ 17) was immediately adjacent to the tissue viewed by a pathologist determining the presence of endometrial hyperplasia or adenocarcinoma. Normal endometrial biopsies were collected from healthy reproductive age women (n ϭ 6), who were not receiving any hormonal therapy, and cycling in the proliferative phase as per last menstrual period and endometrial dating. RNAlater samples were stored at Ϫ80 C, and later processed for whole-tissue gene analysis. For cell isolation and primary culture, normal endometrial tissue was received from 4 women of reproductive age who were not receiving any hormonal therapy, and processed immediately. The collection of normal and pathological endometrium was approved by the Yale Human Investigations Committee. Pathological endometrium and associated clinical data was collected through the Yale Gynecologic Oncology Tissue Bio-Repository.
The clinical parameters for these patients (n ϭ 23), including the histological classification and surgical staging of each tumor are summarized in Table 1 . Pathological tissue was classified histologically as per the World Health Organization (20) . All hyperplasia tissue included in this study was complex, with or without atypia. All cancer tissue was type 1 endometrioid adenocarcinoma, with or without squamous differentiation. For adenocarcinoma specimens, the International Federation of Gynecology and Obstetrics surgical staging system (21) is reported as stage IA (invasion to Ͻ50% of myometrium), n ϭ 6; stage IB (invasion to Ն50% of myometrium), n ϭ 4; or stage IIIC2 (including para-aortic lymph node involvement), n ϭ 3.
Primary cell culture and in vitro assay
To evaluate the effect of BZA on normal endometrium, endometrial stromal cells were isolated from normal endometrium (n ϭ 4) as previously described (22) and grown to confluence in 5mM glucose DMEM, 10% calf serum, 1% amphotericin B, and 1% penicillin/streptomycin. Stromal cells were serum starved for 4 hours in phenol-free DMEM, then treated with BZA 1nM, 10nM, or 100nM or estrogen receptor antagonist ICI 182,780 ICI 1M, or vehicle (1% ethanol) for 4 hours. RNA was extracted using the RNeasy Mini kit (QIAGEN).
Animal care and treatment
In order to investigate whether BZA regulates FGF18 through a HAND2-independent manner, we pursued an in vivo model with treatments of BZA alone or in combination with CE to mimic human exposure. Ethical guidelines for the use of animals were followed, as established by Institutional Animal Care and Use Committee, Yale University, and the United States Government Principles for Utilization and Care of Vertebrate Animals Used in Testing, Research, and Training. CD1 female mice from Charles River Laboratories were kept under regulated light and darkness cycles of 12 hours. At 16 weeks of age, the mice were treated daily with either BZA, a combination of BZA and CE, CE alone, or vehicle for 8 weeks. BZA was administered by ip injection to include a dose curve of 1, 2, 3, or 5 mg/kg per day in dimethyl sulfoxide (10%) ϩ sesame oil (90%), with 4 mice in each group. For combination treatment groups (n ϭ 4 in each group), BZA was injected ip at the same doses of 1, 2, 3, or 5 mg/kg per day in combination with CE 3 mg/kg per day via oral gavage. Ten mice received only CE 3 mg/kg per day, and 10 mice received ip injections of dimethyl sulfoxide (10%) ϩ sesame oil (90%). After the completion of treatments, mice were euthanized and the uteri collected and snap frozen in TRIzol reagent (Invitrogen) for RNA extraction.
RNA extraction
Tissues were homogenized in TRIzol and precipitated with isopropanol. Total RNA was purified via RNeasy spin columns (QIAGEN) and treated with ribonuclease-free deoxyribonuclease for 10 minutes at room temperature. For in vitro studies, RNA was extracted from cultured cells using RNeasy Mini kit (QIAGEN). RNA concentration and purity analysis was determined via Nanodrop 2000 (Thermoscientific), and samples for microarray underwent further quality control of a RNA Integrity Analysis. All RNA samples included in the microarray had RNA Integrity Number values of more than 8.
Microarray gene analysis
We performed a microarray using Affymetrix GeneChip Human Genome U133 Plus 2.0 microarray, through the Yale Keck Laboratory. RNA from each human endometrium was run on a separate chip, including normal proliferative (n ϭ 6), complex endometrial hyperplasia (n ϭ 2), and adenocarcinoma (n ϭ 6). Of note, 4 tissues were initially included in the complex hyperplasia group in the microarray, but 2 tissues were found to be outliers on principal components analysis. As part of the assessment of these outliers, the histopathology of all tissues included in the microarray were reviewed with a gynecologic pathologist. One outlier was found to be very heterogenic endometrium, with small foci of hyperplasia and adenocarcinoma among normal tissue, and excluded from further analysis. A second outlier reported as hyperplasia on frozen section, was realized as adenocarcinoma at final reporting and reanalyzed as part of the adenocarcinoma group.
Gene expression analysis was performed by the Biostatistics Resource Keck Laboratory at Yale University, with Partek Genomics Suite (6.4; Partek, Inc). Affymetrix CEL files were imported by using the Robust Multichip Average method, which involves 4 steps: background correction of the perfect match values, quintile normalization across all of the chips in the experiment, Log2 transformation, and median polish summarization. Within each condition, outliers were identified using principle component analysis and excluded from all further analysis. Differentially expressed genes were selected with threshold of fold change more than 2 or less than Ϫ2, and false discovery rate (FDR) of 0.05 in ANOVA test. To identify high-yield targets for mechanistic studies, genes with significant differential expression were sorted by greatest fold change and P Ͻ 1 ϫ 10 Ϫ5 . Real-time quantitative polymerase chain reaction (qRT-PCR) was used to validate the microarray.
Gene Ontology biological processes, biological functions, pathway, and networks associated with Identified differentially expressed genes were identified using MetaCore GeneGO server (https://portal.genego.com/). P values were calculated based on hypergeometric distribution and reflects the probability for a pathway to arise by chance. Process, functions, pathway, and networks with a Benjamini-Hochberg multiple testing correction P Յ .05 were considered significant. 
Reverse transcription and real-time quantitative PCR analysis
For verification and validation of the microarray analysis, qRT-PCR was performed on RNA samples included in the microarray and additional RNA samples for the analysis of complex hyperplasia (n ϭ 5) and type 1 endometrioid adenocarcinoma tissues (n ϭ 11). qRT-PCR was also performed on RNA isolated from in vitro and in vivo studies. Primer sequences were designed via Primer Blast (http://www.ncbi.nlm.nih.gov/tools/ primer-blast; NCBI) or from the literature (18) and synthesized at the W.M. Keck Foundation Oligo Synthesis Resource (Yale University, New Haven, CT). Optimal primer concentrations were determined by efficiency testing using either human or mouse reference gene RNA (Supplemental Table 1 ). qRT-PCR was performed using 12.5 ng of cDNA, reverse transcribed in triplicate using assay-specific primer concentration of 500nM, 250nM, or 125nM, SYBR Green containing deoxynucleotide solution mix, fluorescein, and reverse transcriptase (Bio-Rad), and amplified in a Bio-Rad CFX96 detection system (Bio-Rad) under the following cycling conditions: 95°C for 1 minute, 40 cycles of 95°C for 15 seconds, 60°C for 30 seconds, and 72°C for 25 seconds, 95°C for 1 minute, and 55°C for 65 seconds. Gene expression levels were normalized to ␤-actin. 
Statistical analysis
Microarray gene expression was analyzed by the Biostatistics Resource Keck Laboratory at Yale University, using GeneChip Operating Software (Affymetrix) to identify differences in expression levels in endometrial adenocarcinoma, hyperplasia, and normal proliferative tissue. Gene expression was normalized using quantile normalization method, and then corrected for multiple testing error using FDR Ͻ 0.05, with significance defined as fold change more than 2 or less than Ϫ2. Gene expression obtained by qRT-PCR was normalized to ␤-actin and graphically represented in a scatter plot, with each point representing the mean of triplicate values for an individual tissue. The mean and standard error of the mean are also shown in error bars. qRT-PCR data for complex hyperplasia was underpowered for adequate statistical comparison with normal tissue, but remains rep
Results
Differential global gene expression in endometrial adenocarcinoma, hyperplasia, and normal proliferative tissue In order to determine a mechanism of action for BZA's antiproliferative effect in the endometrium, we sought to identify genes which are differentially expressed between cancer and normal endometrial tissue, and are known to be regulated by either estrogens or progesterone. Hence, we performed a microarray analysis of endometrial endometrioid adenocarcinoma, complex hyperplasia, and normal proliferative endometrial tissue. The principal component analysis shows a tight and separate clustering of adenocarcinoma and normal proliferative tissue groups ( Figure 1A ). Hyperplasia samples were relatively dispersed, Figure 1 . A, Principal components analysis (PCA) mapping of endometrial adenocarcinoma (red spheres, n ϭ 6), complex hyperplasia (green spheres, n ϭ 2), and normal proliferative endometrium (blue spheres, n ϭ 6) included in the microarray analysis. B, Venn diagram showing the overlap of differentially expressed genes identified in the comparison between adenocarcinoma and normal endometrium (red) and between hyperplasia and normal endometrium (green).
consistent with known heterogeneity in histology (23) . A total of 1053 genes were differentially regulated between adenocarcinoma and normal proliferative tissue, with 440 genes of more than or equal to 2-fold increased expression and 613 genes of less than or equal to Ϫ2-fold decreased expression (FDR Ͻ 0.05). In the comparison between complex hyperplasia and normal proliferative tissues, 1898 genes were differentially regulated, with 572 genes of more than or equal to 2-fold increased expression and 1326 genes of less than or equal to Ϫ2-fold decreased expression (FDR Ͻ 0.05). A total of 137 genes were common between the differentially expressed genes identified in the comparisons between adenocarcinoma and normal, and between hyperplasia and normal, as represented in a Venn diagram ( Figure 1B ). Response to estradiol stimulus was the third most significantly altered process per enrichment analysis using the GO processes (Supplemental Table  2 ). Top processes of differentially regulated genes also included cell adhesion, extracellular matrix organization, cyclic nucleotide biosynthetic process, negative regulation of cell proliferation, and angiogenesis. Pathway analysis, not unexpectedly, also revealed alterations in genes involved in cell adhesion, extracellular matrix organization, epithelial-to-mesenchymal transition, and cell cycle regulation (Supplemental Table 3 ).
Given the large number of differentially regulated genes between adenocarcinoma and normal tissue, we ranked the up-and down-regulated genes with the greatest fold change and rigorous P Ͻ 1 ϫ 10 Ϫ5 . We report the top 15 up-regulated (Table 2 ) and top 15 down-regulated (Table  3 ) differentially expressed genes. Most these genes are involved in signaling and regulation of cell cycle, seen in many cancers and associated with proliferation. FGF18 was selected as the most likely candidate for affecting cancer outcome due to the known relationship of FGFs in cancer pathogenesis (17) , and the recent report of hypermethylated HAND2 as pathogenic in endometrial cancer (19) . In addition, FGF18 is regulated by progesterone (15, 24, 25) . RT-PCR confirmed that FGF18 expression was increased by 10.8-fold (P ϭ .0003) in adenocarcinoma vs normal proliferative tissue (Figure 2A ). FGF18 binds to several FGF receptors, including FGFR2 (17) . Mean FGFR2 was increased in adenocarcinoma tissue by 4.9-fold (P Ͻ .05) ( Figure 2B ). We also examined regulators and down-stream effectors of FGF18. HAND2 is a progesterone regulated transcription factor that reduces FGF18 expression. Mean HAND2 expression was reduced by 93% (P ϭ .0001) in adenocarcinoma vs normal proliferative tissue ( Figure  2C ). Similar to FGF18, E74-like factor 5 (ELF5) was present in the highest 15 differentially expressed genes in the microarray (Table 2 ). ELF5 is a transcription factor regulated by members of the FGF family through FGFR2 (26, 27) as well as progesterone (28) . ELF5 plays a role in stem cell self-renewal in trophoblasts (27, 29) and epithelial cell differentiation in breast and lung (26, 30) but has not yet been described in the endometrium. By RT-PCR, we found ELF5 expression was detectable in 10 of 11 adenocarcinoma samples, but only 2 of 6 normal proliferative samples. For the samples expressing ELF5, the mean expression in adenocarcinoma samples was greater than 450-fold higher than normal samples (P ϭ .02) ( Figure 2D ).
IGF-1 was one of the top 15 down-regulated genes in adenocarcinoma tissue (Table 3) , and was confirmed with RT-PCR to be reduced by 90% compared with normal tissue (P ϭ .002) (Supplemental Figure 1) . In From microarray results sorted by the greatest fold change and P Ͻ 1 ϫ 10
Ϫ5
. doi: 10.1210/en.2016-1233 press.endocrine.org/journal/endonormal endometrium, IGF-1 is regulated by estrogens and is a downstream mediator of estrogen proliferative action (31) . IGF-1 is a ligand of the IGF-1 tyrosine kinase receptor, which has been implicated in endometrial cancer (32) . Gene expression for complex hyperplasia tissues are shown along with adenocarcinoma and normal endometrium (Figure 2 ), although the hyperplasia data are underpowered for statistical comparisons.
BZA suppresses FGF18 expression in human endometrial stromal cells
Based on evidence that FGF18 has a pathogenic role in endometrial cancer, we investigated whether BZA affects FGF18 expression in primary human endometrial stromal cells. BZA treatment resulted in a significant 13%-20% reduction of FGF18 expression (P Ͻ .05), occurring at all doses relative to vehicle ( Figure 3A) . Because progesterone reduces FGF18 expression through an up-regulation of HAND2, we also quantified HAND2 expression in vitro. Surprisingly, HAND2 expression was not significantly altered by either high or low BZA doses relative to vehicle (P ϭ NS), demonstrating that the suppression of FGF18 was independent of HAND2 ( Figure  3B ). Fulvestrant, an estrogen receptor antagonist, was used as a control, and did not significantly alter either FGF18 or HAND2 expression relative to vehicle (P ϭ NS).
BZA suppresses FGF18 expression in the murine uterus in vivo
Because our in vitro model suggested that BZA regulates the paracrine factor FGF18 in stromal cells, we then evaluated BZA activity in an in vivo model to enable stromalepithelial interactions. CD1 female From microarray results sorted by the largest negative fold change and P Ͻ 1 ϫ 10
Ϫ5
. Figure 2 . Scatter plot of tissue mRNA expression levels shown with mean Ϯ SEM error bars, as normalized to ␤-actin in normal proliferative endometrium (•, n ϭ 6), complex hyperplasia (f, n ϭ 2 or 4), and endometrial adenocarcinoma (OE, n ϭ 6 or 11). A, FGF18. B, FGFR2. C, HAND2. D, ELF5 was undetectable in 4 normal, 1 hyperplasia, and 1 adenocarcinoma tissues. *, P Ͻ .04 vs normal; **, P ϭ .002 vs normal.
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mice were treated with vehicle, CE, 4 doses of BZA, or a combination of BZA and CE to determine whether BZA reduced FGF18 expression in vivo. The doses of BZA included 3 mg/kg, a dose similar to the human therapeutic dose in addition to lower and higher doses (33) . After 8 weeks of treatment, CE-treated mice had a 2.8-fold higher mean FGF18 expression than control mice (P ϭ .002) ( Figure 4A ). In contrast, BZA-treated mice had similar FGF18 expression compared with control mice. In mice receiving combined CE and BZA, FGF18 expression was also similar to control mice (P ϭ NS). Combination BZA and CE treatment resulted in FGF18 levels significantly lower than seen after CE exposure (P ϭ .003), indicating that BZA suppressed CE-mediated induction of FGF18. This suppression occurred at all doses of BZA. BZA treatment consistently resulted in FGF18 levels that were no different from controls. CE-treated mice had lower but not statistically different HAND2 expression relative to control mice (P ϭ NS) (Figure 4B) . BZA treatment resulted in significant 91%-94% reduction in HAND2 expression (P Ͻ .01), which was maximal at the lowest dose used. In mice receiving combined CE and BZA, HAND2 expression was also markedly reduced by 87%-93% (P Ͻ .04) compared with control mice at all but the highest 5-mg dose of BZA. BZA suppression of CE-mediated induction of FGF18 occurred in the absence of HAND2, indicating a novel HAND2-independent regulation of FGF18.
Because ELF5 is a transcription factor regulated by FGF as well as progesterone, we also quantified ELF5 in mouse uteri to determine whether reductions in FGF18 was associated with lower ELF5 levels. In contrast to human press.endocrine.org/journal/endoendometrium, ELF5 was present in all mouse uteri. Although CE-treated mice had higher FGF18 levels than vehicle, they did not have higher ELF5 levels relative to vehicle (P ϭ NS). Vehicle-treated mice had a wide range of ELF5 expression, whereas CE and BZA treatment resulted in a narrower range of ELF5 expression. We found ELF5 was reduced in 4 of 8 groups treated with BZA (P Ͻ .05) or combined CE and BZA (P Ͻ .05), relative to CE-treated mice ( Figure 4C ). This effect was not dose dependent.
The proliferation marker proliferating cell nuclear antigen was lower in mice treated with BZA relative to mice treated with CE (P Ͻ .01) or vehicle (P Ͻ .05) (Supplemental Figure 2 ). Mice receiving combined CE and BZA had similar mean proliferating cell nuclear antigen levels as BZA-treated mice.
Discussion
We show that FGF18 and FGF receptor 2 expression levels are elevated in endometrial adenocarcinoma, whereas the negative regulator of FGF18 synthesis, HAND2, is reduced relative to normal proliferative tissue. In addition, the expression of ELF5, a nuclear transcription factor down stream of FGF, was higher in adenocarcinoma tissue. These findings implicate FGF18 activity in endometrial adenocarcinoma. BZA inhibited FGF18 expression in vitro and in vivo, thus preventing endometrial proliferation, similar to the effect of a progestin. BZA's direct effect on FGF18 was not dose dependent at the concentrations used, indicating that therapeutic BZA doses are equally effective in blocking estrogen induced effects as higher doses of BZA.
In contrast to progesterone, BZA did not exert an effect on FGF18 through HAND2. BZA had no direct effect on HAND2 expression in vitro, although BZA treatment in vivo resulted in a significant reduction of HAND2. Because HAND2 represses FGF18 synthesis, the decrease in HAND2 in response to BZA does not explain the simultaneous decrease in FGF18. Our results are consistent with in vitro studies by Cho et al, who found that estradiol did not alter HAND2 expression nor inhibit progesterone's regulation of HAND2 (24) . Collectively, these findings indicate 2 independent pathways for negative regulation of FGF18 in the endometrium. Although progesterone stimulates HAND2 expression in stromal cells to reduce FGF18 levels, BZA acts through a HAND2-independent pathway to decrease FGF18 expression.
HAND2 is frequently hypermethylated in endometrial adenocarcinoma (19) , conferring resistance to progesterone induction of HAND2 expression. Indeed, levels of hypermethylation in endometrial adenocarcinoma correlate with resistance to progestin therapy (19) . BZA may provide an alternative to progestin therapy for endometrial hyperplasia.
We are the first to show that estrogens regulate FGF18 in the endometrium. Li et al (15) found that ovariectomized mice had undetectable FGFR phosphorylation in the uterus, indicating a relationship between estrogen and FGF signaling. Estrogen action through ER has been found to regulate other FGFs in prostate stromal cells (34) . We found BZA blocked estrogen induced FGF18 expression, consistent with BZA's action as a selective antagonist of the estrogen receptor in endometrium. We have previously shown that BZA down regulates estrogen receptor expression (3) and other investigators showed that BZA treatment leads to degradation of the estrogen receptor (35) . Together, these mechanisms likely account for BZA's antiestrogen effect. However, our in vitro studies showed BZA treatment reduces FGF18, whereas ICI, an estrogen receptor antagonist also known to cause degradation of the estrogen receptor (36, 37), did not significantly alter FGF18 levels. Although estrogens increase FGF18, it is likely that an ER interaction specific to BZA leads to decreased FGF18, and not simply an estrogen receptor antagonist effect.
Our study of adenocarcinoma, hyperplasia, and normal endometrium supports the FGF pathway as pathogenic in the development of adenocarcinoma. Our findings on reduced HAND2 in hyperplasia and adenocarcinoma tissues are similar to Jones et al (19) . Further, we showed significant increases in FGF18, FGFR2, and ELF5 expression, strongly suggesting activation of this pathway. FGFR2 mutations are reported in 10% of endometrial cancers, and result in either altered ligand specificity or enhanced kinase activity (17, 38 -40) . FGFR2 is recently implicated in maintaining and inducing proliferation of tumor initiating cells in breast cancer (41) , and is overexpressed in triple-negative breast tumors (42) . Downstream of FGFR2 is ELF5, which we found was undetectable in most normal proliferative endometrial samples while being markedly elevated in most adenocarcinomas. In breast cancer cells, ELF5 promotes hormone independence, by limiting the ability of progesterone to inhibit cell proliferation (28) and promoting an estrogenindependent phenotype which is unresponsive to antiestrogen therapy (43) . ELF5 expression in endometrial adenocarcinoma is likely functioning through a similar mechanism. ELF5 expression was reduced in several groups of BZA-treated mice. The impact of estrogen on ELF5 expression remains unclear, and appears unassociated with CE-mediated induction of FGF18 levels. To our knowledge, the expression or potential ominous role of ELF5 in the endometrium has not been previously described.
In conclusion, we show that FGF18 is regulated by estrogens in vivo. BZA directly inhibits FGF18 expression in stromal cells and blocks estrogen induced FGF18 expression, by a mechanism independent of HAND2. Our studies identify a mechanism by which BZA prevents endometrial proliferation, providing reassurance about the long-term safety of combination BZA-CE therapy in postmenopausal women. In addition, BZA provides an alternative hormone strategy in women with obesity and type 2 diabetes, who are at increased risk for breast and endometrial cancer.
